Introduction 25
Ice-nucleating particles (INPs) are atmospheric particles that catalyse the formation of ice crystals in clouds at warmer temperatures and lower saturations than needed for homogeneous ice nucleation, thereby influencing cloud properties and potentially impacting the Earth's radiative properties and hydrological cycle (Boucher et al., 2013; Lohmann, 2002; Lohmann and Feichter, 2005; Tan et al., 2016) . Only a small subset of atmospheric particles (about 1 in 10 6 ) act as INPs (DeMott et al., 2010 (DeMott et al., , 2016 . INPs can catalyse the formation of ice by four different mechanisms: contact freezing, 30 condensation freezing, deposition freezing, and immersion freezing. Immersion freezing, which is the focus of this paper, occurs when an INP immersed in a supercooled water droplet initiates the freezing process.
One potential source of INPs to the atmosphere is the ocean. Oceans dominate the Earth's surface cover, and sea spray generates a large fraction of the aerosol mass in the atmosphere (Lewis and Schwartz, 2004) . Several pieces of evidence suggest that the ocean is an important source of INPs to the atmosphere. For example, INPs have been measured in seawater 5 or the sea surface microlayer (herein referred to as microlayer) (Fall and Schnell, 1985; Irish et al., 2017; Rosinski et al., 1988; Schnell, 1977; Schnell and Vali, 1975, 1976; Wilson et al., 2015) and in the air above the ocean (Bigg, 1973; Rosinski et al., 1986 Rosinski et al., , 1987 Rosinski et al., , 1988 . Marine microorganisms and their by-products can also catalyse ice formation (Burrows et al., 2013; Knopf et al., 2011; Rosinski et al., 1987; Wilson et al., 2015) . In addition, modelling studies have illustrated that INP concentrations from the ocean can be important when other sources of INPs, such as mineral dust, are low (Yun and Penner, 10 2013) .
Despite growing evidence that the ocean is an important source of INPs in the atmosphere, our understanding of the properties and concentrations of INPs in the microlayer and bulk seawater remain limited. For example, information on the spatial and temporal distributions of INPs in the microlayer and bulk seawater has not been investigated in any detail.
Nevertheless, this type of information is needed to improve predictions of INP emissions to the atmosphere from the ocean. 15 Recently, we reported the properties and concentrations of INPs in the microlayer and bulk seawater collected in the Canadian Arctic during the summer of 2014 (Irish et al., 2017) . We found INPs were ubiquitous in the microlayer and bulk seawater. Heat and filtration treatment of the samples indicated that the INPs were likely heat-labile biological materials with sizes between 0.02 and 0.2 µm in diameter. In addition, we found that the freezing activity of the microlayer and bulk seawater samples was inversely correlated with salinity, possibly because the INPs were associated with melting sea ice. We 20 also observed that the freezing properties in the microlayer were similar to those of the bulk seawater, in almost all samples.
Building on our previous studies, we returned to the Canadian Arctic during the summer of 2016 to further investigate the properties and concentrations of INPs in Arctic Ocean waters. Locations where samples were collected during both years are indicated in Fig. 1 , and the detailed sampling dates and locations in 2016 are given in Table 1 . By comparing results from 2016 with results from 2014, we investigate whether the properties, concentrations and spatial profiles of the INPs vary from 25 year-to-year at similar locations. This type of information is needed to understand and predict concentrations of INPs in the atmosphere.
Experimental

Collection methods
During July and August of 2016 samples were collected from the eastern Canadian Arctic on board the CCGS Amundsen as 30 part of the NETCARE project ( Fig. 1 and Table 1 ). Supplementary details, including notes and photographs taken at each sampling station, are provided in Table S1 .
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Automated sampler method
In contrast to 2014, when we collected microlayer samples manually using a glass plate sampler (Irish et al., 2017) , in 2016, microlayer samples were collected using rotating glass plates attached to an automated sampling catamaran (Shinki et al., 2012) . At station 1, the automated sampling catamaran was deployed from a small inflatable, rigid-hull boat at least 500 m 5 away from the CCGS Amundsen. The automated sampling catamaran was remotely driven at least 20 m away from the small inflatable, rigid-hull boat before the rotating glass plates were activated. A rotation rate of 10 revolutions per minute was used. From station 2 onwards, the automated rotating glass plates on the sampling catamaran experienced technical problems. Subsequently, the automated sampling catamaran was kept on the upwind side of the small inflatable, rigid-hull boat with its engine turned off, at least 500 m away from the CCGS Amundsen to avoid contamination, and the glass plates 10 were rotated manually between 11 to 18 revolutions per minute. Even though manual rotation was used, for convenience, we will refer to the method as "automated sampling", and the instrument as an "automated sampler" in all cases. The microlayer that adhered to the plates from each rotation was scrapped off with fixed Teflon wiper blades into a manifold and then pumped through Teflon tubing into high-density polyethylene (HDPE) Nalgene bottles (ranging from 250 mL to 2 L in size).
The thickness of the microlayer collected was approximately 80 µm based on the rotation rate (between 11 -18 revolutions 15 per minute), the average volume collected (3000 mL) and an average collection time (18 minutes). Bulk seawater samples were collected at the same times and locations as the microlayer samples through Teflon tubing suspended 0.2 m below the automated sampler. The bulk seawater was pumped, using peristaltic pumps, into HDPE Nalgene bottles (ranging from 250 mL to 2 L in size). After collection, the Nalgene bottles containing the microlayer and bulk seawater samples were kept cool in an insulated container. Upon returning to the ship, the samples were homogenised by gently (so as to not break up cells 20 that may be present in the samples) inverting them at least ten times and then sub-sampled into smaller bottles for subsequent analyses.
The glass plates, aluminium manifold, Teflon tubing and all Nalgene bottles were sterilised first with bleach, then cleaned with isopropanol and finally rinsed with ultrapure water. After cleaning, the sampler was further rinsed by collecting then INP concentrations as a function of temperature were determined using the droplet freezing technique (DFT; Koop et al., 1998; Vali, 1971; Whale et al., 2015; Wilson et al., 2015) . Sub-samples of the microlayer and bulk seawater were kept in 15 mL polypropylene tubes between 1 to 4 °C for a maximum of 4 hours before INP analysis. 5
In the freezing experiments three hydrophobic glass slides (Hampton Research, Aliso Viejo, CA, USA) were placed directly on a cold stage (Whale et al., 2015) and between 15 to 30 droplets of the sample, with volumes of 1 µL each, were deposited onto each of the glass slides using a pipette. A chamber with a webcam attached to the top of it was placed over the slides to isolate them from ambient air, and a flow of ultrapure N 2 was passed through the chamber as described by Whale et al. (2015) . The droplets were cooled at a constant rate of 10 °C/min from 0 °C to -35 °C and the webcam recorded videos of the 10 droplets during cooling. All videos were analysed by the DFT to determine the freezing temperature of each droplet. For comparison, ultrapure water (distilled water further purified with a Millipore system, 18.2 MΩcm at 25 °C), as well as the procedural blanks, were analysed for INPs using the DFT.
The concentration of INPs, [INP(T)] (L -1 ), was determined from each freezing experiment by the following equation (Vali, 1971) : 15
Where N u (T) is the number of unfrozen droplets at temperature T, N o is the total number of droplets used in the experiment, and V is the volume of all droplets in a single experiment. This equation accounts for the possibility of multiple INPs contained in a single droplet. 20
Heating and filtration tests
The freezing temperatures of the microlayer and bulk seawater samples were also measured after they had been passed through syringe filters with three different pore sizes (Whatman 10 µm pore size PTFE membranes, Millex-HV 0.2 µm pore size PTFE membranes, and Anotop 25 0.02 µm pore size inorganic Anopore TM membranes) (Irish et al., 2017; Wilson et al., 2015) . The sub-samples of the microlayer and bulk seawater were left for a maximum of 4 hours before filtration and INP 25 analysis.
The freezing temperatures of the microlayer and bulk seawater samples were also measured after they had been heated to 100 °C (Christner et al., 2008; Irish et al., 2017; Schnell and Vali, 1975; Wilson et al., 2015) . In this case, samples were stored at -80 °C for less than 6 months and analysed in the laboratory at the University of British Columbia. Before heating Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2018-641 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 5 September 2018 c Author(s) 2018. CC BY 4.0 License.
the stored samples, they were completely thawed and homogenised by inverting at least ten times. Then the freezing temperatures were determined after heating the samples at 100 °C for approximately an hour.
Separate experiments show that storage of the samples at -80 °C for a maximum of six months does not affect the INP concentration in microlayer and bulk seawater samples (see Fig. S1 in the Supplement). 
Corrections for freezing temperature depression
The measured freezing temperatures were adjusted for the depression of the freezing point by the presence of salts to generate freezing temperatures applicable to salt-free conditions (salinity = 0 g kg -1 ), which is relevant for mixed phase clouds. In short, water activities of the samples were calculated from measured salinities using an Aerosol Thermodynamic Model (http://www.aim.env.uea.ac.uk/aim/aim.php; Friese and Ebel, 2010; Wexler and Clegg, 2002) . Next, the water 10 activity of an ice-salt solution at the median freezing temperature was calculated. The freezing temperature at salinity = 0 g kg -1 was then calculated from the difference in these two water activities following the procedure of Koop and Zobrist (2009) .
The salinities of the microlayer and bulk seawater samples were measured within 10 minutes of sample collection using a hand-held salinity probe (SympHony; VWR, Radnor, PA, USA). The salinities (measured in practical salinity units (psu)) 15 were corrected after collection using a linear fit to salinometer readings. The correction for freezing point depression by the presence of salts based on the measured salinities ranged from 1.2 to 2.6 °C.
Bacterial and phytoplankton abundance
The abundances of heterotrophic bacteria and phytoplankton < 20 µm (i.e., phycoerythrin-containing cyanobacteria, 20 phycocyanin-containing cyanobacteria and autotrophic eukaryotes) were measured by flow cytometry. Duplicate 4 mL subsamples were fixed with glutaraldehyde (Grade I; 0.12 % final concentration; Sigma-Aldrich G5882) in the dark at room temperature for 15 min, flash-frozen in liquid nitrogen and then stored at -80 °C until analysis. Samples for heterotrophic bacteria enumeration were stained with SYBR Green I (Invitrogen) following Belzile et al. (2008) . Bacteria were counted with a BD Accuri C6 flow cytometer using the blue laser (488 nm). The green fluorescence of nucleic acid-bound SYBR 25
Green I was measured at 525 nm. Archaea could not be discriminated from Bacteria using this protocol; therefore, hereafter, we use the term bacteria to include both Archaea and Bacteria with high nucleic acid (HNA) content and low nucleic acid (LNA) content. Samples for < 20 µm phytoplankton abundances were analyzed using a CytoFLEX flow cytometer (Beckman Coulter) fitted with a blue (488 nm) and red laser (638 nm), using CytoExpert v2 software. Using the blue laser, forward scatter, side scatter, orange fluorescence from phycoerythrin (582/42 nm BP) and red fluorescence from chlorophyll 30 (690/50 nm BP) were measured. The red laser was used to measure the red fluorescence of phycocyanin (660/20 nm BP).
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Polystyrene microspheres of 2 µm diameter (Fluoresbrite YG, Polysciences) were added to each sample as an internal standard (Marie et al., 2005; Tremblay et al., 2009 ).
Chlorophyll a satellite data
Chlorophyll a concentrations for case 1 waters (waters dominated by phytoplankton) were retrieved from the GlobColour 5 project website (http://globcolour.info, ACRI-ST, France). The GlobColour project provides a high resolution, long timeseries of global ocean colour information by merging data from several satellite systems. For the data used here, these include either or both of: the Moderate Imaging Spectrometer (MODIS) on the Aqua Earth Observing System (EOS) mission; and the Visible/Infrared Imager Radiometer Suite (VIIRS) aboard the Suomi National Polar-orbiting Partnership satellite. The GlobColour project merges data from multiple satellite systems in several different ways. For this work we 10 used data merged with weighted averaging, where weightings are based on the sensor and/or product. Data are available at daily, 8-day, and monthly resolutions. In this study 8-day data were used to achieve the best balance between complete spatial coverage and high time resolution. Spatial resolution is 1/24° (~4 km). To determine the chlorophyll a concentration at a given sampling location, we used the grid cell containing that station. 
Statistical analysis
Pearson correlation analysis was applied to many of the variables measured in this study to compute correlation coefficients (r). P values were also calculated to determine the significance of the correlations at the 95 % confidence level (p < 0.05).
Results and Discussion 20
Concentrations of INPs
The frozen fraction curves for all microlayer and bulk seawater samples are shown in Fig. S2 in the Supplement. Also shown for comparison are the fraction frozen curves for ultrapure water and ultrapure water passed through the tubing in the automated sampler (the procedural blanks). In addition, the frozen fraction curves of the samples after passing through a 0.02 µm Anotop 25 syringe filter are shown. 25
For the bulk seawater, all untreated samples froze at temperatures warmer than ultrapure water. Freezing temperatures as warm as -6 °C were observed. In addition, the bulk seawater samples also froze at warmer temperatures than the procedural blanks. These results indicate the presence of ice-active material in all bulk seawater samples. For the microlayer samples, all samples froze at temperatures warmer than ultrapure water. These results also suggest that all microlayer samples contained ice-active material. For some microlayer samples, some of the freezing temperatures were lower than the freezing temperatures of the procedural blanks. However, the freezing temperatures of the procedural blanks should be viewed as an upper limit to the background freezing temperatures, since prior to collecting the blanks, the sampler had not been rinsed as thoroughly as before collecting the microlayer samples. 5
Atmos
The median temperatures at which 50 % of the droplets froze in the microlayer and bulk seawater samples were -18.6 °C and -21.1 °C, respectively, in 2016. In contrast, in 2014, the median temperatures at which 50 % of the droplets froze in the microlayer and bulk seawater samples were lower at -27.1 °C and -27.3 °C, respectively.
In Fig. 2, Figure S3 shows that the frozen fraction curves were shifted to colder temperatures after the microlayer and bulk seawater samples were heated to 100 °C. These results are similar to what we observed for the 2014 samples (Irish et al., 2017) . This suggests that the ice-active material we found in the microlayer and bulk seawater samples was likely heat-labile biological material (Christner et al., 2008) . Figure S4 shows that the temperature at which droplets had frozen in microlayer and bulk seawater samples significantly 30 decreased after the samples were filtered with a 0.02 µm filter, but not with 10 or 0.2 µm filters. A similar result was observed in the 2014 samples (Irish et al., 2017) , suggesting that the INPs in the microlayer and bulk seawater were between 0.2 µm and 0.02 µm in size.
Effect of heating and filtering the samples 25
Spatial patterns of INPs in the Canadian Arctic
The spatial patterns of T 10 (Fig. 5c ), which suggests that we sampled similar water masses in both years at those locations.
Correlations with biological and physical properties of microlayer and bulk seawater
In Table 2 and Fig. 6 , we present correlations between T 10 -values from bulk seawater and heterotrophic bacterial abundance, 20 phytoplankton (including 0.2-20 µm photosynthetic eukaryotes and cyanobacteria) abundance, salinity and temperature for the 2016 data. The strongest relationships with T 10 -values for both the bulk and microlayer samples were with salinity (bulk: r = -0.83, p ≤ 0.001; microlayer: r = -0.74, p < 0.01). As discussed by Irish et al. (2017) , a possible explanation for the negative correlation between salinity and freezing temperature is that the INPs are associated with sea-ice melt. Melting sea ice not only decreases surface ocean salinity, but can also release sea-ice microorganisms, such as sea-ice diatoms and 25 bacteria, and their exudates that may serve as effective INPs (Assmy et al., 2013; Boetius et al., 2015; Ewert and Deming, 2013; Fernández-Méndez et al., 2014) . Also interesting, a strong negative correlation was observed between T 10 -values in bulk seawater and bacterial abundance (r = -0.77, p < 0.01). A higher concentration of bacteria has been observed in the open sea compared to melt ponds, and bacteria produce copious amounts of exopolymers when they are stressed during melting processes (Galgani et al., 2016) . Although there may be fewer bacteria in melting sea-ice, these bacteria may be stressed by 30 the melting process and produce exopolymers that could act as INPs.
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showed that in some areas of our study, there could be substantial influence of non-sea-ice fresh water, particularly in Hall Basin and Kane Basin within Nares Strait (Burgers et al., 2017) . However, the low T 10 -values we observed at the northernmost stations that were surrounded by the most glaciers around Kane Basin and Nares Strait (refer back to Sect. 3.3 an d Fig.  5 4 for further details) indicate that terrestrial freshwater is not the most important source of efficient INPs in the microlayer of this area.
Another possible explanation for the negative correlation between salinity and INPs is a non-colligative effect of sea salt on the freezing temperature. Solutes can impact freezing temperature by blocking INP active sites (Kumar et al., 2018) . To test this hypothesis, we varied the salinity in one of the microlayer samples (station 4) by adding commercial sea salt (Instant 10 Ocean™), while keeping the concentration of ice nucleating material in the samples constant (see Supplement Sect. 1 for more details). The T 10 -values for these salinity-enhanced samples (after correcting for freezing point depression) varied by less than the uncertainty in the measurements as the salinity of the sample was increased from 29 to 55 g/kg (Fig. S6 in the Supplement). These results suggest that sea salt does not have a non-colligative effect on the freezing temperature of the samples, at least not for the microlayer sample tested (station 4). Consistent with these results, non-colligative effects have 15 not been observed in previous studies of immersion freezing with seawater and salt solutions (Alpert et al., 2011a (Alpert et al., , 2011b Knopf et al., 2011; Wilson et al., 2015; Zobrist et al., 2008) . Figure 7 shows correlations between the chlorophyll data retrieved from GlobColour and the T 10 -values for the microlayer 20 and bulk seawater. The results indicate that correlations between T 10 -values in the microlayer or bulk seawater and chlorophyll a are not statistically significant, consistent with our results from 2014 (Irish et al., 2017) . These observations are also consistent with recent work by Wang et al. (2015) , who showed that INP concentrations in sea spray aerosol emitted during a mesocosm tank experiment were not simply coupled to chlorophyll a concentrations.
Chlorophyll a satellite data correlations
25
Conclusion
The INP concentrations of microlayer and bulk seawater were determined at eleven stations in the Canadian Arctic during the summer of 2016, and compared to measurements made in 2014 (Irish et al., 2017) . Filtration reduced the freezing temperatures of all samples, suggesting ice-active particulate material was universally present in the microlayer and bulk seawaters we studied. Some samples had freezing temperatures as high as -5 °C. Freezing temperatures also decreased after 30 heat treatment indicating that the ice-active material was likely heat-labile biological material, consistent with previous Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-641 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 5 September 2018 c Author(s) 2018. CC BY 4.0 License. measurements of INPs in the microlayer (Wilson et al., 2015) and bulk seawater (Schnell, 1977; Schnell and Vali, 1975, 1976) . The ice-active material we observed in seawater was between 0.2 µm and 0.02 µm in size, also consistent with previous studies of INPs in the microlayer (Wilson et al., 2015) and bulk seawater (Rosinski et al., 1986; Schnell and Vali, 1975 ).
We found a strong negative correlation between salinity and freezing temperatures, leading us to hypothesise that INPs are 5 associated with the exudates from sea-ice microorganisms, which are released into the ocean upon sea-ice melt. Chlorophyll a concentrations from satellite measurements did not correlate with INP concentrations in seawater, consistent with recent work by Wang et al. (2015) in a mesocosm tank experiment. A possible explanation for these observations is that INP concentrations are not sensitive to the instantaneous photosynthetic productivity of a biological community, but rather to the nature of that community, and its life stage, including potential stresses experienced by sympagic communities during sea-10 ice melt.
When comparing the INP concentrations in the same areas between 2014 and 2016, we found little inter-annual variability in the spatial pattern of INPs or salinity. In 2016, we observed higher concentrations of INPs nucleating ice at higher temperatures, particularly in the microlayer samples, than we did in 2014. This could, in part, be a result of the automated sampler collecting a thinner microlayer in 2016, a hypothesis that could be tested by collecting microlayer samples using 15 both collection methods in the same region at the same time.
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